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Abstract 
The importance of using a full suite of reservoir diagnostic and feedback systems (MMV) for CO2-EOR and CO2 
storage was first learned at the classic CO2 flood at SACROC in the Permian Basin of West Texas.  With information 
gained from MMV leading to well remediation and changes in operating practices, the new operator of the SACROC 
CO2 flood (Kinder-Morgan) converted a low performing, being terminated CO2 flood producing 3,000 B/D into a 
CO2 flood that currently provides 25,000 B/D.  Since then, a significant number of companies have begun to 
incorporate  sophisticated MMV technologies into management of CO2 enhanced oil recovery.   
Comparable advances in MMV technologies for CO2 storage are being supported by the U.S. Department of 
Energy/National Energy Technology Laboratory’s CCUS Regional Partnership Program.  As a result, The DOE-
funded research into technologies that "see" CO2 underground, developed for the purpose of ensuring CO2 
sequestration within the target formation, are gaining significant spill-over applications for optimizing CO2 EOR 
operations.   
© 2013 The Authors. Published by Elsevier  Ltd.  
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1. Introduction 
Reservoir surveillance and process control are two key elements of “next generation” CO2-EOR 
technology.  They provide the “headlights” and the “steering wheel” for efficiently managing the use of 
CO2-EOR technology in the diverse reservoir settings holding the oil left behind after current oil recovery 
practices (primary and secondary) have reached their economic limits. 
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The purpose of reservoir surveillance technology (the “headlights”) is to gain an improved 
understanding of the location and movement of CO2 through the oil reservoir.  The advanced MMV 
technologies include: (1) conducting time-lapse (4-D) seismic surveys, VSP (vertical seismic profiling) 
and cross-well seismic; (2) undertaking repeat fluid saturation logging; (3) using permanently installed 
down hole pressure, temperature and other gauges with fiber-optic data transmission systems; and (4) 
drilling special purpose monitoring wells. 
The purpose of process control technology (the “steering wheel”) is to enable the CO2-EOR operator 
manage the CO2 flood, thus improving the CO2 flood’s effectiveness in a complex reservoir setting 
located a mile or two underground.  Intelligent well technology, the ability to remotely control downhole 
CO2 injection and fluid production, provides one promising option, as set forth by the authors of an 
exemplary technical paper1 - - “new developments in intelligent well technology could make it the next 
breakthrough technology for improving EOR performance.” 
As set forth in the Case Studies discussed in this paper, both industry and the U.S. DOE/NETL have 
invested in the development and testing of a series of MMV technologies that enable operators to “see” 
the location and flow of CO2 in the subsurface.  Many of these MMV research investments have occurred 
as part of the Regional Carbon Sequestration Partnership Program of the U.S. DOE/NETL in settings 
such as the Cranfield oil field and Citronelle Dome (Mississippi and Alabama), at Loudon oil field 
(Illinois), at Zama oil field (Alberta), at Rangely (Colorado), at Weyburn (Canada) and at the In Salah 
project (Algeria). 
The next technology challenge is to not only “see” but to develop the capability to “control” the CO2 
flood and its associated oil displacement and CO2 storage.  Pursuing intelligent well technology and more 
robust data transmission and interpretation systems would be productive next steps for addressing this 
challenge, Figure 1. 
2. Summary of Findings 
The paper discusses five case studies of using MMV technology and “smart wells” to monitor and 
manage CO2 storage and CO2-EOR operations. 
 At Cenovous' Weyburn site in Canada, the DOE sequestration program supported  two seismic shoots, 
conducted in sequence over several years, to show the progress of injected CO2 across the Midale 
target formation.  Upon reviewing the results from the seismic tests, the field operators discovered that 
the injected CO2 was less evenly distributed within the target formation than had been expected.  The 
operators made adjustments – modifying injection schedules and increasing injection pressures in 
regions with low CO2 contact and cutting back CO2 injection in areas of the formation already highly 
saturated with CO2.  Subsequently, the operator independently paid for two additional seismic shoots, 
which indicates the value of the information.    
 The lessons learned of the importance of reservoir diagnostics and feedback were applied and 
incorporated into the MMV program at DOE/NETL’s SECARB Cranfield CO2 storage field test site in 
the oil-bearing formation and its associated water leg.  The project was conducted as a joint effort 
involving Denbury and the Texas Bureau of Economic Geology (BEG).  A series of MMV 
experimental tests, such as downhole pressure fluid sampling (the “U tube”), multiple pressure and 
temperature surveys, and pre- and post-vertical seismic profiles (VSP), were conducted to understand 
and better manage the CO2 storage project. 2   
 Next was the incorporation of MMV learnings from the Cranfield project for the development and 
field testing of a Multi-Purpose Borehole Monitoring (MBM) tool.  The tool has been developed by 
funding from the CO2 Capture Project (an industry consortium) as a permanently installed downhole 
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MMV tool. Currently, this newly designed MMV tool (which will provide fluid samples and 
continuous pressure and temperature readings and contains a set of seismic receivers)  is being tested 
at SECARB’s CO2 storage pilot in a saline formation at the DOE/NETL’s SECARB CO2 storage test 
at Citronelle, involving Denbury, Advanced Resources and the CO2 Capture Project.3 
 A most interesting and successful MMV application is the tracking of surface deformation using InSar 
to monitor the CO2 plume at the In Salah CO2 capture and storage project in Algeria. 
 The technical challenge of using multi-component surface seismic and “walk-away” VSP surveys 
were demonstrated by the Pembina CO2-EOR pilot monitoring program in Alberta, Canada. 
 The final case study discusses the installation of “smart well” technology to manage and control a CO2 
flood at the SACROC Unit (Kelly Snyder oil field) in West Texas. 
2.1. Case Study #1 Application of Time-Lapse (4-D) Seismic Surveys for Monitoring CO2-EOR and CO2 
Storage.   
Four specific field research projects have applied time-lapse (4-D) surface seismic and VSP (vertical 
seismic profile) technology to monitor the location and movement of CO2 through the oil reservoir as part 
of CO2-EOR and CO2 storage.  
Two of these projects, at Weyburn oilfield (Saskatchewan, Canada) and at Hall-Gurney oil field 
(Kansas), were supported by funding from the U.S. DOE/NETL.  The remaining two projects, at the 
Monell Unit of the Patrick Draw oil field (Wyoming) and at Salt Creek oil field (Wyoming), were 
operated by Anadarko Petroleum Co.   The findings and reported results from these four CO2-EOR 
projects using seismic as part of their MMV program were as follows: 
 Weyburn.  Time-lapse seismic monitoring of the CO2 flood at the Weyburn oil field provided a 
valuable understanding of the areal and vertical distribution of the injected CO2, including the 
directional flow of the CO2 due to an anisotropy trend in the oil formation.  It also provided 
information on more optimum direction and placement for the horizontal wells used as part of this 
innovative CO2 flood.4. 
 Hall-Gurney.  In addition to mapping the CO2 flood advance, the application of time-lapse seismic 
monitoring of the CO2 flood at the Hall-Gurney oil field provided insights into the geologic 
discontinuities at the project site which control where the CO2 flood front is most likely to move.  A 
particular feature of this field R&D project was testing the use of instantaneous frequency (IF) analysis 
of   lithological properties during the seismic interpretation stage to identify the presence of CO2 in 
thin reservoir layers.5 
 Monell Unit.  Time-lapse VSP surveys of the CO2 flood at the Monell Unit (and its integration with 3-
D surface seismic data) were able to successfully monitor the CO2 flood.  The surveys showed that the 
CO2 front moved radially, with a slight north-west (updip) preference, for a distance of 800 feet from 
the CO2 injector.  No indications were seen of CO2 channeling throughout the reservoir.6 
 Salt Creek.  The use of multiple repeat 3-D seismic surveys of the CO2 flood at the Salt Creek oil field 
provided significant additional information on the special aspects of CO2 flow in the reservoir which, 
as stated by the operator, “would be difficult, if not impossible, to derive from well information 
alone.”  Specifically, this MMV technology showed a more significant updip and directional flow of 
the CO2 than expected given the assumed homogeneity of the reservoir.7 
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2.2. Case Study #2:  Development and Testing of Integrated MMV Technologies at SECARB’s Cranfield 
and Citronelle CO2 Storage Test Sites.   
The monitoring of CO2 injection in the down dip “water leg” of the Cranfield CO2 flood in Mississippi 
(conducted by Denbury Resources (field operator) and the Texas Bureau of Economic Geology) involved 
a series of MMV experimental tests.  Techniques such as downhole pressure fluid sampling (the “U 
tube”), multiple pressure and temperature surveys, and pre- and post-vertical seismic profiles (VSP) were 
conducted to understand and better manage the CO2 storage project.   
The modeling and monitoring R&D objectives were: (1) assess reservoir contact efficiency of the 
large volumes of CO2 injected to better quantify CO2 storage capacity; (2) quantify pressure effects and 
brine movement though a heterogeneous rock volume to better understand the significance of these on 
storage capacity and ability to monitor pressure and brine migration; (3) quantify inter-well interactions 
as large CO2 plumes develop, focusing on interaction of pressure, heterogeneity, and gravity as controls 
on migration; (4) better understand the performance of pressure and capillary seals on CO2 storage and 
flow; and (5) assess how monitoring tools can be used efficiently, effectively, and hierarchically for long-
term CO2 storage monitoring .2 
The next step was the incorporation of the MMV learnings and technology at Cranfield into a second 
SECARB CO2 storage test at Citronelle Dome (Alabama).  Of particular note is field testing of the newly 
developed Multi-Purpose Borehole Monitoring (MBM) tool in the saline Paluxy formation at the 
Citronelle Dome, as part of a CO2 storage field demonstration involving Denbury Resources, Advanced 
Resources, EPRI and the CO2 Capture Project.3 
The Regional Carbon Sequestration Partnership Program of the U.S. DOE/NETL, the Southern States 
Energy Board (SSEB) and the Electric Power Research Institute (EPRI) have been the primary funders 
and overseers of this major MMV development and field testing program.  The CO2 Capture Project 
provided the funding for the development of the MBM tool. 
2.3. Case Study #3:  Use of Surface Deformation and InSAR to Monitor the CO2 Plume at the In Salah 
CO2 Capture and Sequestration Project (Algeria). 
 Case Study #3 discusses the use of satellite-based InSAR (Interferometric synthetic aperture radar) 
and its integration with a coupled reservoir geo-mechanical model to define and interpret the surface 
deformation over the CO2 injection and storage project at In Salah (Algeria).   
The InSAR data showed a surface uplift on the order of 5 mm per year for the areas above active CO2 
injection wells, providing a valuable monitoring of the areal extent and direction of the CO2 plume.  The 
application of the coupled reservoir-geochemical model provided a valuable geologic interpretation of the 
relationship between CO2 injection-induced pressure changes and InSAR measured surface uplift.8  
This MMV field research effort operated by BP (with Statoil and Sonatrach as partners) was supported 
in part by the U.S. Department of Energy and the National Energy Technology Laboratory.9 
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2.4. Case Study #4:  The PennWest Pembina Cardium CO2-EOR Monitoring Pilot, Alberta, Canada.   
Case Study #4 discusses the extensive MMV effort conducted in the Cardium Formation at the Violet 
Grove CO2-EOR pilot located in the Pembina oil field of Alberta, Canada.  The injected CO2 in this EOR 
pilot is being monitored using a multicomponent surface seismic program coupled with “walkaway” VSP 
surveys.10 
After injection of 40,000 metric tons of CO2, the interpretation was that surface seismic was not 
successful in detecting the CO2 plume due to the similarity in physical properties between the reservoir’s 
fluids and the injected CO2 and the high noise level at the site that might have obscured collection of 
seismic data.  In contrast, while the amplitude and velocity changes observed in the VSP data set were 
small, the VSP data and information indicated that the CO2 plume was migrating toward the observation 
well, as verified by fluid sampling.  In addition, the lack of any observed differences in the time-lapse 
seismic data above the reservoir indicated that the injected CO2 was not leaking into shallower 
formations. The PennWest CO2 monitoring project was funded through the Alberta Energy Research 
Institute and a variety of research sponsors.11 
2.5. Case Study #5:  Application of Smart Well Technology to Improve CO2 Utilization and Oil Recovery 
Efficiency of CO2 Enhanced Oil Recovery at the SACROC Oil Field, West Texas.  
Case Study #5 discusses the installation of downhole flow-control volumes and isolation packers 
(SmartWell technology) in a five-well field research project associated with the CO2 flood in the 
SACROC Unit (Kelly Snyder oil field), West Texas.  The purpose of using SmartWell technology was to 
restrict the breakthrough of CO2 in production wells and to control the vertical distribution of CO2 in 
injection wells and in the oil reservoirs. 
 
The operator of this field R&D project concluded that SmartWell technology was able to shut-off CO2 
breakthrough in a producing well without the expense or formation damage of a workover.  The operator 
also stated that this technology can beneficially alter CO2 contact with the reservoir, improving the 
performance of the CO2-EOR project.  While the operator is still evaluating the specific impact of using 
SmartWell control technology on the performance of the CO2 flood, it noted that after the restriction of 
CO2 breakthrough the oil production from three offset producers began to substantially increase after 
being on decline.12 
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Fig. 1.  Using Monitoring and Intelligent Wells for Ensuring Secure Storage and Utilization of CO2. 
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